Abstract
Introduction
The trend in the use of low-voltage power supplies for CMOS integrated circuits is by the reliability issue of small size MOSFET transistors and the increasing use of low-weight long life battery-operated portable electronic systems [1, 2] .
With the rapid development of microelectronics in the recent past years, more and more applications require an ultra-low amplitude signal measurement module, such as implantable devices in biomedical application to monitor several Neuro-muscular activities [3] [4] [5] [6] .
Monitoring biomedical signals of the human body is a very interesting topic since it can be used to know vital health information of the body from the acquired data. These data capacitates medical practitioners to diagnose diseases [7, 8] .
Biomedical signals, such as electrocardiogram (ECG), Electromyogram (EMG), Electroencephalogm (EEG), are characterized by their low voltage-levels and low frequency, Table 1 shows the characteristics of these signals [8 -12] 
Table 1. Most Commonly used Biomedical Signals
The Famous architecture used in a biomedical monitoring system, are an operational amplifier, must exhibit very low-referred noise, low power and high Common Mode Rejection Ratio (CMRR).
In this paper, a low voltage, low noise and high CMRR operational amplifier for portable monitoring system is proposed. The operational amplifier is able to work under 1-V supply and has high CMRR.
ECG Data Acquisition System
ECG data acquisition begins with the use of electrodes that attached to body skin. Three electrodes are used as sensors to detect the heart signals from a human body. Two electrodes are placed each on the left and right wrist while the third electrode is placed on the ankle of the leg as ground [13] .
The ECG signal that acquired is in the range of 5uV to 8 mV. Due to the weak voltage level, the signal is fed into an amplifier circuit to be amplified to a desirable voltage level. Output from the amplifier is then fed into a bandpass filter circuit and a High Q notch filter. The purpose of this filter is to filter out the very low and high frequency noise components of the signals and the 60-Hz power line interference. The desirable analog output from the filter is then sent to S/H and ADC to become a digital signal. After that, these digital data will processed in PCs or microprocessors. Figure.1 shows the proposed ECG data acquisition system [7, [13] [14] [15] [16] . 
ECG Signal
Electrocardiogram (ECG) signal plays a vital role in the monitoring and diagnosis of the health conditions of the heart. An electrocardiogram is a recording of the small electric waves being generated during heart activity. The main tasks in the ECG signal analysis are the detection of QRS complex and the estimation of the instantaneous heart rate. Figure 2 shows an example of a normal ECG trace, which consists of a P wave, a QRS complex and a T wave.

The P wave represents the atrial contractions.  QRS complex represents the ventricular contractions. The R peak indicates a heartbeat.
The T wave is the last common wave in an ECG. This electrical signal is produced when the ventricles are re-polarizing.
The heart is a muscular pump made up of four chambers. The two upper chambers are called atria, and the two lower chambers are called ventricles. A natural electrical system causes the heart muscle to contract and pump blood through the heart to the lungs and the rest of the body [13] .
We have collected data from MIT-BIH Arrhythmia Database [17] [18] [19] , for training and testing of proposed ECG amplifier Design. See Figure 3 of the input (Vin) ECG signal.
ECG Amplifier Design
A normal ECG signal falls in the range of 5uV -8mV. The amplifier is required to increase this weak signal into an acceptable level. The main operational amplifier for biomedical applications is illustrated in Figure 4 . This Two-stage architecture with miller compensation capacitor (Cc) and nulling active resistor (Rz), is used for the design of the operational amplifier with the first stage being a differential input pair and the second, a gain stage. Because the Biomedical signal is so weak, the noise will affect the real biomedical signal. Due to the low frequency of biomedical signal the flicker noise dominates, it has strong dependence on the width and length product of a CMOS transistor. The flicker noise is modeled in Eq (1), the spectral density of flicker noise is inversely proportional to the transistor area, WL. In other words, 1/f noise can have a lesser effect on larger devices. However the input pair (M1 and M2) of the input stage has been designed using large PMOS transistors. A P-channel current source (M5) and an n-channel current mirror load (M3 and M4) are used in the input stage. 
The second stage of the operational amplifier includes an n-channel common-source amplifier (M6) with a p-channel current source load (M7).
The high output resistances of these two transistors (M7, M6) equate to a relatively large gain for this stage and an overall moderate gain for the complete amplifier. Because the operational amplifier inputs are connected to the gates of MOS transistors, the input resistance is essentially infinite. The sizes of the transistors were designed for a bias current of 0.5μA to provide for sufficient output voltage swing, output-offset voltage, slew rate, and gain-bandwidth product.
Current Mirrors
Current mirrors are used extensively in MOS analog circuits both as biasing elements and as active loads to obtain high AC voltage gain [20, 21] . Enhancement mode transistors remain in saturation when the gate is tied to the drain, as the drain-to source voltage (VDS) is greater than the gate-to-source voltage (VGS) due to the threshold voltage (Vth) drop, i.e.,
Based on Eq (2), constant current sources are obtained through current mirrors designed by passing a reference current through a diode-connected (gate tied to drain) transistor.
We choose a simple current mirror because low voltage (1-V), Figures 5(a) and (b) show the PMOS and NMOS current mirrors design. A PMOS mirror serve as a current source while the NMOS acts as a current sink. The voltage developed across the diode-connected transistor is applied to the gate and the source of the second transistor, which provides a constant output current. Since both the transistors have the same gate to source voltage, the currents when both transistors are in the saturation region of operation, are governed by the following Eq (3) and Eq (4) 
Active Resistors
There are two active resistors used in the design. Firstly, the reference current that is applied to the current mirror is obtained by means of an active resistor. The resistor here is obtained by simply connecting the gate of an NMOS (M11) to its drain as shown in Figure 6 . This connection forces the MOSFET to operate in saturation.
The second active resistor a transmission gate (TG) shown in Figure 7 has been used to realize the nulling active resistance (Rz) to reduce the effects of the right hand plane zero in the transfer function. The gate of these transistors M9, M10 is biased at VDD, VSS respectively. Its small signal output resistance is obtained from Eq (5) and Eq(6) (V ds very small).
The dynamic range limitations associated with single channel MOS switches can be avoided with CMOS switch shown in figure 7 . Using the CMOS technology, a switch usually 
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International 5 (2014) constructed by connecting P-channel and N-channel enhancement mode in parallel as illustrated.
For this configuration, When Q is low, both transistors are off, creating an effective open circuit. When Q is high both transistors are on, giving a low impedance state. The bulk potentials of the p-channel and n-channel devices are taken at the highest and lowest potentials respectively. The primary advantage of the CMOS switch over the single channel MOS switch is that the dynamic analog-single range in the ON state is greatly increased [21] .
) ( Table 2 gives the device parameter for a Two-stage operational amplifier. 
Results

Device Parameter
Frequency Response, Compensation
Operational amplifier architectures are generally two types: single-stage externally compensated or two stage internally compensated amplifiers, both of which can have a dominant two pole type frequency response [21] . Ignoring higher order poles, the small signal behavior of the two stage amplifier can be modeled by the general two poles, one zero small signal equivalent circuit shown in Figure 8 . Referring back to the model of the input stage Figure 4 (Without (Cc) and (Rz)), We have two poles these are Eq (7) and Eq (8) The compensation of the two stage CMOS amplifier can be carried out using a pole splitting capacitor. The goal of the compensation task is to achieve a phase margin greater than 45 degree. The circuit can be approximately represented by the small signal equivalent circuit of Figure 8 (without Rz), if the non-dominant poles which may exist on the circuit are neglected.
Figure 8. Simplified Small Signal Model of the basic Two Stage Op-amp Added with the Nulling Resistor
The circuit displays two poles and a half right plane zero, which under an assumption that the poles are widely separated can be shown to be approximately located at (Eq (9), Eq (10) and Eq (11)).
Note that the pole due to the capacitive loading of the first stage by the second, p1, has been pushed down to a very low frequency by the miller effect in the second stage, while the pole due to the capacitance at the output node of the second stage p2, has been pushed to a very high frequency due to the shunt feedback. For this reason, the compensation technique is called pole splitting.
Physically, the zero arises because the compensation capacitor provides a path for the signal to propagate directly through the circuit to the output at high frequencies. Since there is no inversion in that signal path as there is in the inverting path dominant at low frequencies, stability degraded.
An even simpler approach is to insert an active nulling resistor (Rz) in series with the compensation capacitor as shown in Figure 4 and Figure 8 . If Rz is assumed to be less than R1 or R2 and the poles are widely spaced, then the poles are: (Eq(12),Eq(13),Eq (14) and Eq(15)).
The resistor RZ= (Ron||Rop) allows independent control over the placement of the zero. The zero vanishes when RZ is made equal to 1/gm2. In fact, the resistor can be further increased to move the zero into the left half-plane and place it on top of p2 to improve the amplifier phase margin. RZ can be realized by a CMOS switch transistor in the triode region.
Using CMOS switch is to increase dynamic range. Where the resistance of CMOS switch is plotted as a function of the input voltage figure 9, In this figure, the p-channel M10 and nchannel M9 devices are sized in such a way that they have an equivalent resistance to identical terminal conditions.
The peak behavior at midrange (near VDD/2), is due the parallel combination of the two devices M9 and M10. In the right n-channel M9 dominating when E is low, and in the left pchannel M10 dominating when E is high (near VDD). Figure 10 shows a typical variation of the gain and phase versus frequency, with Cc =0.6 pF, Cp=1 pF. 
Common Mode Rejection Ratio CMRR
Due to the large amount of 60-Hz human in bio-potential measurements, common-mode rejection is as important as low-noise operation. CMRR is defined as the ratio of the voltage gain for a differential-mode input signal to the voltage gain for a common-mode input signal, and can be stated as [22] , Therefore, measuring the dc CMRR involves determining the change in the offset voltage due to any change in the applied common-mode voltage. But, power supply voltage variation may affect the output as well as the offset voltage. In order to ensure that the measured change in the offset voltage is only due to a change in commonmode input voltage, the output voltage of the Two-stage operational amplifier is maintained at a fixed voltage for the complete test sequence.
We simulate the complete circuit in single power supply for CMRR. The results of CMRR are up to 130dB as shown in Figure 11 . 
Noise
The input stage dominates the noise of the op amp. PMOS devices offer lower flicker noise which is advantageous in our op amp design. Also, the noise component of the load devices is scaled by the ratio of their transconductance to that of the input pair devices. So, the transconductance of the input differential pair needs to be larger than that of the load pair in order to ensure low input-referred noise. There exists a trade-off between noise and the output swing of the stage. Generally, the overdrive voltage of the current loads is minimized to realize a wide output swing, but for a fixed current bias this increases the transconductance (due to increased W) and thereby results in a larger input-referred noise.
Figure 12. Simulated Input-refred Noise Spectrum
The simulation results of the input referred noise spectrum is depicted in figure 12 , flicker noise below 100Hz is clearly visible, it achives input referred noise density of at 10Hz.
This a standard two-stage 11-transistor amplifier Figure 4 with miller compensation and zero-nulling active resistor Rz=(Rn//Rp). All the devices operate in saturation region except the transistors M9 and M10 operate in the linear region. The input differential stage draws 1uA , while the output stage current is 1.1uA. This results in a total current consumption of 2.1uA plus the current reference Iref=0.5uA , i.e., a 2.6 uW power consumption from single 1V supply. Figure 13 shows the amplified ECG (Vout) signals, note the original ECG is only 1.5mV in its peak-to-peak magnitude.
Figure 13. Simulated Results of the Amplified ECG (Vout) Signals
The overall performance summary of the complete circuit two-stage operational amplifier for biomedical applications is given in Table 3 . 
Conclusion
In this paper, we present a Two-stage operational amplifier topology for low voltage and low power, ECG Monitoring System applications, This two-stage amplifier with Miller compensation can be used in low power, low voltage High CMRR and PSRR applications such Biomedical instrument and a small battery operated devices. The circuit has been designed in a SPECTRE using 0.90um CMOS technology.
To reduce the noise of the amplifier, we used the P-channel input devices with N-channel load, because it's flicker noise is less than that the N-channel input devices with P-channel load.
We have described an ECG amplifier with low input-referred noise, 131-dB CMRR, less than 3uW of power consumption, and good cardiac signal fidelity.
Proposed two-stage operational amplifier with Miller compensation (Cc) and nulling active resistor (Rz), is well suited to biomedical systems such as cardiac pacemaker, electrocardiogram (ECG) where low-power consumption is of primary concern.
It seems that the input-referred-noise not minimized well, we can reducing flicker noise by using techniques, such as auto-zero-technique, or chopper-stabilization technique.
